Abstract The structure of the chemically synthesized Cterminal region of the human agouti related protein (AGRP) was determined by 2D 1 H NMR. Referred to as minimized agouti related protein, MARP is a 46 residue polypeptide containing 10 Cys residues involved in five disulfide bonds that retains the biological activity of full length AGRP. AGRP is a mammalian signaling molecule, involved in weight homeostasis, that causes adult onset obesity when overexpressed in mice. AGRP was originally identified by homology to the agouti protein, another potent signaling molecule involved in obesity disorders in mice. While AGRP's exact mechanism of action is unknown, it has been identified as a competitive antagonist of melanocortin receptors 3 and 4 (MC3r, MC4r), and MC4r in particular is implicated in the hypothalamic control of feeding behavior. Full length agouti and AGRP are only 25% homologous, however, their active C-terminal regions are V V40% homologous, with nine out of the 10 Cys residues spatially conserved. Until now, 3D structures have not been available for either agouti, AGRP or their C-terminal regions. The NMR structure of MARP reported here can be characterized as three major loops, with four of the five disulfide bridges at the base of the structure. Though its fold is well defined, no canonical secondary structure is identified. While previously reported structural models of the C-terminal region of AGRP were attempted based on Cys homology between AGRP and certain toxin proteins, we find that Cys spacing is not sufficient to correctly determine the 3D fold of the molecule.
Introduction
Recent biochemical investigations have identi¢ed agouti related protein (AGRP) as playing a major role in the regulation of mammalian feeding behavior. AGRP is a naturally occurring competitive antagonist of melanocortin receptors 3 and 4 (MC3r and MC4r), the overexpression of which results in adult onset obesity and diabetes in mice [1^3] . AGRP binding to MC4r in particular is the subject of intense interest since knockout mice that do not express MC4r exhibit the same phenotype as caused by overexpression of AGRP [2] . There is also evidence for the parallel expression of AGRP and neuropeptide Y in the arcuate nucleus of the hypothalamus, with neuropeptide Y known to stimulate feeding [3] . This region of the brain also expresses MC4r and is involved in energy homeostasis.
The growing body of evidence linking AGRP to weight control has yet to elucidate its exact mechanism of action. However, studies on AGRP do bene¢t from analogy to the much more widely studied agouti protein, as AGRP was originally identi¢ed through the homology of its C-terminal region with the same region of the agouti protein [1] . The agouti protein has been a focal point in obesity research for a number of years, since ectopic expression of the wild-type protein in mice leads to obesity and related disorders, i.e. the same symptoms as the overexpression of the more recently identi¢ed AGRP [4, 5] . However, unlike AGRP, agouti has distinct expression patterns in mice and humans [6] , making in vivo work with mice less applicable to human obesity disorders. AGRP, like agouti, is selective for MC3r and MC4r but has approximately 100-fold greater binding a¤nity than agouti at these receptors [7] .
While full length agouti and AGRP are only 25% homologous, in their 46 residue Cys-rich C-terminal regions nine of the 10 Cys residues are spatially conserved and there are a further 10 identical residues giving V40% sequence identity. Three consecutive, conserved residues RFF (111^113 in human AGRP) were determined to be essential to the biological activity of both agouti [8, 9] and AGRP [10] . Two recent investigations have shown that the chemically synthesized Cterminal region of AGRP competitively antagonizes K-melanocyte stimulating hormone (K-MSH) at melanocortin receptors with equal or greater potency than the full proteins [11, 12] , consistent with similar ¢ndings for agouti [13] . Thus the C-terminal region of AGRP (MARP, Fig. 1 ) is a prime candidate for structural studies.
Despite the important biological activities of AGRP, no experimental 3D structure is available for this protein. The inhibitor cystine knot (ICK) family of proteins are also disul¢de-rich and the structures of these invertebrate toxins have been used to suggest possible structures for the agouti and AGRP C-terminal regions [9, 10] . Indeed, the recently reported disul¢de map for AGRP and a construct containing the Cterminal domain demonstrates ICK-like pairings [14] of the 10 Cys residues : 1-16, 8-22, 15-33, 19-43, 24-31 (using MARP numbering, see below) [15] . Beyond such modeling, the only structural data published on either agouti or AGRP are circular dichroism (CD) spectra which suggest that both proteins have little regular secondary structure, although there may be some L-sheet, consistent with ICK structural characteristics [13, 16] .
In this paper we report the 3D structure in solution of the human AGRP Cys-rich, C-terminal region as determined by 1 H NMR using protein prepared by total chemical synthesis. Because biochemical investigations demonstrate that this minimal region retains full biological activity, we refer to this protein as minimized agouti related protein, MARP (human AGRP residues 87^132). The protein's topology is characterized by three large loops and an absence of canonical secondary structure such as helices or sheets. Two of the three loops are structurally well characterized by the NMR data as indicated by low RMSDs. The region of MARP containing the RFF triplet [10] (residues 25^27 in MARP) necessary for function is located in one of the best de¢ned regions of the protein. Despite the conservation of Cys spacing and the disul¢de map between MARP and other small disul¢de-rich proteins from the ICK family, it is apparent from the structure reported here that MARP does not adopt an ICK-like fold.
Materials and methods

Chemical protein synthesis
N K -Acetyl-MARP and N K -acetyl-MARP(Arg25Ala) were synthesized, folded and puri¢ed to each give a protein containing ¢ve disul¢de bonds, as reported previously [12] 2.2. CD experiments CD spectra were recorded at 25³C on an Aviv 60DS spectropolarimeter in a rectangular 1 mm path length cuvet for concentrations up to 60 WM, for concentrations higher than this a round cell with a 0.1 mm path length was used. All CD samples were 50 mM potassium phosphate, pH 4.25. Concentration dependence was ruled out in the range 20 WM^1 mM. Temperature dependence was determined for 58 5³C. The spectra are superimposable from 5 to 45³C.
NMR sample preparation
The activity of MARP used for the NMR sample and that of a single mutant were assayed by measuring the inhibition of cAMP production in the presence of [ 
NMR experiments
1 H 2D NMR spectra were principally acquired at 15³C on a Varian 500 Unity Plus spectrometer using inverse probes. NMR data were routinely acquired with a 6000 Hz spectral width, 4096 complex points in t 2 and 512 (TOCSY/DQF-COSY) or 700 (NOESY) increments in t 1 . All spectra were processed using the MNMR package (Carlsberg Laboratory, Department of Chemistry, Denmark) and analyzed using XEASY [17] , with chemical shifts referenced to 1,4-dioxane at 3.743 ppm. Sequential assignments of all backbone and s 90% of side chain protons were accomplished using standard methods [18, 19] for 50 ms TOCSY, 150 ms NOESY and DQF-COSY data. Additional data sets were acquired at 25³C and 30³C to resolve ambiguities. Examination of the three Pro residues identi¢ed nOes consistent only with trans-Pro. Four additional peaks were identi¢ed in the KN region of the TOCSY spectrum, however, associated spin systems could not be identi¢ed and neither could nOes to the peaks in question.
NOESY data for distance restraints were collected at 15³C using the WET sequence [20] for water suppression, 1.6 s recycle delay and a mixing time of 80 ms in both H 2 O and D 2 O.
3 J HNK coupling constants at 25³C were determined by both linear least squares ¢tting of the antiphase doublets in a DQF-COSY and also using the INFIT [21] module of XEASY with 150 ms NOESY data. These methods agreed to within þ 0.5 Hz for all of the measured coupling constants. At 15³C larger intrinsic linewidths precluded accurate measurement of 3 J HNK .
For amide exchange experiments, the magnet was preshimmed on a 21 residue peptide sample at pH 4 in D 2 O/phosphate bu¡er. The ¢rst TOCSY experiment was begun 23 min after reconstituting the protonated sample in D 2 O. Four TOCSY experiments identical to those described above, except for the number of t 1 increments, were acquired back to back at 15³C over a period of 24 h. The ¢rst three consisted of 150 t 1 increments and the ¢nal experiment 300 increments. NOESY and DQF-COSY spectra were also acquired as described above.
Structure calculations
Final structure calculations included the covalent connectivity of the published disul¢de map [15] , and were based on a total of 414 interproton distance constraints derived from the 80 ms 2D NOESY spectra and 34 backbone x dihedral angle constraints derived from coupling constant measurements, giving a total of 448 total restraints, or 9.7 restraints per residue. The distance restraints can be broken down into 228 intraresidue (backbone to side chain only), 129 sequential, 20 medium range (1 6 di3jd 9 5) and 37 long range (di3jd s 5) restraints. These restraints were assigned as strong, medium or weak. The total numbers of restraints in each category were 95 strong, 246 medium, and 77 weak. All categories had a lower limit of 1.6 A î , with upper limits of 2.8, 3.5 and 5 A î for the strong, medium and weak categories, respectively. Trial structures were generated using the simulated annealing protocol from CNS version 0.4a (anneal.inp) with SUM averaging for the nOe distances [22326] . Twenty structures with no bond or nOe angle violations were used to represent the solution structure of MARP (see Table 1 for RMSDs). Structures were displayed using MOLMOL [27] .
Results
Chemical synthesis and characterization of MARP
The synthesis and biochemical characterization of MARP were previously reported [12] . The N-terminal residue (Cys-1) of MARP corresponds to the ¢rst Cys (Cys-87) of the Cysrich region (Fig. 1 ) in full length, 132 residue human AGRP. The material used for MARP NMR sample shows native-like activity as measured by its ability to competitively inhibit NDP-MSH at MC4r (Fig. 2a) , as has been shown in previous studies [12, 28] . Previous mutational studies of agouti and AGRP showed residues Arg-25, Phe-26, Phe-27 (the RFF triplet [10] ) and Asp-17 (in agouti) to be determinants of receptor binding [8^10] . In the work reported here, the replacement of Arg-25 by Ala results in a complete loss of inhibitory activity (Fig. 2a) .
The far-UV CD spectrum of MARP in Fig. 2b is similar to that reported for a similar C-terminal fragment (85^132) of AGRP reported elsewhere [16] and is characterized by a negative maximum at approximately 198 nm and a slight negative maximum at 245 nm. There is little indication of canonical Khelix, however the spectrum does perhaps suggest some L character or turns. The near-UV CD spectrum (not shown), indicative of tertiary structure, shows a weak minimum at approximately 275 nm which can be attributed to the disul¢de bonds and possibly restricted orientations of the side chains of the Tyr-23 and Tyr-32.
At 25³C between 20 WM and 1.0 mM there is no observable concentration dependence as measured by CD. Between 1 mM and 1.9 mM there are no concentration dependent changes in the NMR spectra (i.e. linewidths, chemical shifts, etc. all remain constant). The far-UV CD spectrum remains constant between 5³C and 45³C (Fig. 2b) , a temperature range well beyond that of the present NMR experiments. Thus, by all indications, MARP exists as a monomer and does not exhibit temperature dependence under the conditions of the NMR experiments. The characteristics of the NMR spectra are indicative of a well folded protein with a single predominant conformer.
3 J NHK coupling constants and temperature coe¤- 36 M) demonstrating loss of inhibition due to a mutation in the active loop (O). b: Far-UV CD spectra of MARP in 50 mM phosphate bu¡er at pH 4.25 as a function of temperature with spectra shown every 5³C from 5³C to 30³C and also at 45³C. 6 cient also indicate a fully folded, non-random coil conformer (see Appendix).
Structural description of MARP
The minimized average NMR structure of MARP is shown in Fig. 3 . Consistent with the far-UV CD spectrum, MARP shows little evidence of helix or sheet secondary structure. The disul¢de bonds (1-16, 8-22, 15-33, 19-43 and 24-31) appear to form a sca¡old upon which the structure is apportioned into three major loops, which we refer to as the N-terminal loop (residues 1^18), the central loop (residues 19^34) and the Cterminal loop (residues 35^46) which are indicated by di¡erent colors in Fig. 3 . RMSDs for the individual loops are reported in Table 1 . The N-terminal and central loops are much better de¢ned both within the loops and with respect to each other than the C-terminal loop. The backbone RMSD for the entire protein (2.54 A î ) is of the same order as that of the C-terminal loop (2.36 A î ), while the backbone RMSD for residues 1^34 (1.66 A î ) is of the order of the individual N-terminal and central loops. To demonstrate limited backbone structure variability of the N-terminal and central loops, a superposition of 14 structures (selected for clarity) for residues 1^34 and the MARP minimized average structure (residues 1^46) is shown in Fig. 4 .
Four of the ¢ve disul¢de bonds are located at the base of the structure where they appear to pinch together the bottoms of the loops to form the`core' of the protein (Fig. 3) . The exception is disul¢de bond 24-31 which stabilizes the central loop. The central loop, residues 19^34, contains the RFF triplet determined to be critical for activity. This motif is situated within an even smaller, well de¢ned loop bound by Cys-24 and Cys-31 which we refer to as the`active' loop. The side chain atoms of the RFF triplet residues are located at the surface of the protein as depicted in Fig. 5 . Recent experiments further highlight the importance of this active loop. These studies demonstrate that short cyclic peptides corresponding to residues 24^31 of human AGRP do in fact antagonize MC3r and MC4r [10] .
Inspection of the family of NMR structures and consideration of the observed HX (Fig. 6 ) reveal a structure for the central loop that can be best described as an irregular hairpin with a well de¢ned loop from Cys-24 to Cys-31 (RMSD 0.6 A î Fig. 5 ) and a stem region which is both twisted around and curved along its z-axis (Fig. 3) . This characterization is supported by critical examination of the nOe, 3 J HNK and chemical shift data (Fig. 6 ). As shown in Fig. 5 , the active loop is highly constrained with the RFF triplet side chains exposed to solvent. Arg-25 and Phe-27 point out into the solvent, while one face of the Phe-26 aromatic ring rests parallel against the surface of the protein. Though the active loop satis¢es several of the determinants for an 6-loop [29] , the side chain orientation of Arg-25 and Phe-27 precludes its definition as such since 6-loop side chains generally pack within the loop of backbone atoms.
HX experiments demonstrate that the amide protons of residues Cys-8, Ala-20, Thr-1, Tyr-23, Tyr-2, Cys-3 and Arg-34 are protected from exchange with solvent. To explore whether these results are consistent with the average structure in Fig. 3 , the program DSSP [30] was used to identify potential hydrogen bonds. DSSP identi¢ed the backbone amides of Ala-20, Thr-21, Tyr-23, and Arg-34 as potential hydrogen bond donors. In addition, solvent accessible surface area calculations showed that residues Cys-8 and Cys-33 are completely buried from solvent, though in the D 2 O spectrum the KN crosspeaks of these two residues overlap, thus their individual protection from exchange is uncertain. Tyr-32 has only 8% solvent accessible surface area at the C N protons.
The NMR structure gives a well resolved fold, however, as a Determined by ¢tting the family of 20 NMR structures to the minimized average structure. mentioned previously, canonical helices and L-sheets were not identi¢ed on the basis of nOes or other protocols including the chemical shift index [31] or 3 J NHK coupling constants [18] .
The guidelines for these protocols assign secondary structure on the basis of four or more consecutive residues with similar conformational shifts or 3 J HNK . Helical structure is characterized by 3 J HNK 6 6 Hz and negative conformational shifts and L-sheet by 3 J HNK s 8 Hz and positive conformational shifts. As shown in Fig. 6 , even in the active loop and stem region of the central loop, no regular secondary structure is identi¢ed by these criteria. However, the chemical shift index points towards a possible extended strand from residue 31 to residue 35.
Discussion
The 3D structure of MARP is characterized by three loops held together at the base by an apparent sca¡old of four disul¢de bonds 1-16, 8-22, 15-33 and 19-43. The ¢fth disul¢de bond, 24-31, further stabilizes the base of the active loop which presents the RFF triplet on the protein surface. There is no identi¢able canonical helical or sheet structure. It is clear from biochemical data that the RFF triplet is critical for the activity of MARP as a competitive antagonist of K-MSH stimulated activation of MC4r signaling. The structure presented here shows that MARP is structured to present the side chains of the RFF triplet on the surface of the protein and to the surrounding solvent. Recent work demonstrates that MARP is much more active than smaller AGRP derived peptides containing the RFF triplet [10] . Thus, the detailed fold of the central loop and perhaps the presence of the N-and Cterminal loops are critical for AGRP function. In addition, based on work with chimeras of melanocortin receptors (I. Gantz, unpublished data), it is possible that the N-and Cterminal loops may confer receptor subtype speci¢city. Further work is needed to support this hypothesis.
The previous absence of structural data on both AGRP and agouti encouraged the modeling of the C-terminal regions of these proteins onto the ICK family [14] which is characterized by homologous Cys spacing [9, 10] . The ICK family of proteins primarily consists of small ( 6 60 residues) disul¢de-rich (three or four disul¢des) toxin proteins from the venom of spiders and cone snails, which function as ion channel antagonists [14] . The coincidence between the function of the majority of these toxins and the recent description of part of the agouti protein's mechanism of action being calcium dependent [32^34] further encouraged these homology modeling e¡orts. The ICK motif in particular is characterized by the topology of the three disul¢de bonds corresponding to 1-16, 8-22 and 15-33 in MARP. In the ICK motif the ¢rst two disul¢de bonds with their intervening main chain atoms form a topological circle through which the third disul¢de bond passes, forming the cystine knot [14] . The motif is further characterized by the identi¢cation of an irregular triple stranded antiparallel L-sheet, roughly corresponding to residues 6^8, 20^24 and 31^34 in MARP. The remaining two disul¢de bonds in MARP each occur in individual ICK proteins as separate examples of potential`non-motif' disul¢de bonds (though it should be noted that so far there are no examples of ICK motif proteins with ¢ve disul¢de bonds).
Despite these apparent similarities, the experimental structure of MARP shows that this protein does not satisfy the criteria required for inclusion in the ICK family. While the ¢rst two disul¢de bonds in MARP, 1-16 and 8-22, together with the polypeptide backbone form a topological circle, none of the remaining disul¢des passes through the circle to form a cystine knot. Instead, disul¢de bond 15-33 is positioned adjacent to the circle with all of the fold on one side of this circle. In addition, MARP lacks the L-sheet found in ICK family proteins. The experimental determination of the distinctive 3D structure of MARP reported here suggests that Cys spacing and even the disul¢de map of small Cys-rich proteins may not always be su¤cient to accurately predict protein folds. These results speak to the potential limitations of`homology modeling' of protein structures, and may have important implications for the emerging ¢eld of genomic structural biology. 
